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6. SELECTED RESEARCH PROJECT
6.2 Modelling Mass Balance Distribution over Glacierized Moun-
tain Ranges: The Example of Bernina Group in 1998/99
(prepared by: H. Machguth, F. Paul, M. Hoelzle, W. Haeberli)
Introduction
The summer 2003 heat-wave in Central Europe [Beniston and Diaz, 2004; Schär et al., 2004] has
caused record breaking glacier thinning of about -2.5 m w.e. in average [IAHS(CCS)-UNEP-
UNESCO-WMO, 2005], i.e. ten-times the 1960-2000 annual mean [Hoelzle et al., 2003]. More-
over, the analysis of latest satellite data [Paul et al., 2004] indicate that down-wasting (i.e. station-
ary thinning) with the related non-uniform changes in geometry (e.g. disintegration) was a dominant
reaction of glaciers to the “hot” decade of the 1990s, rather than a dynamic response (i.e. length
change) to the changed climatic conditions. Today, such changes in glacier thickness can be mod-
elled from meteorological input variables with a distributed glacier mass balance model [e.g. Klok
and Oerlemans, 2002]. These models utilize a digital elevation model (DEM) to “distribute” the input
variables to the topography by means of elevation dependent lapse rates. Advanced distributed
models combined with a network of meteostations on the ice and albedo measurements have been
62
THE SWISS GLACIERS 2001/02 AND 2002/03
proven to yield very good results [Brock et al., 2000]. However, all models were tested within the
perimeter of individual glaciers and were not applied to larger glacierized catchments, including
several glaciers of different size and exposition. But will the tuning for an individual glacier also fit
on nearby glaciers? In order to answer this question we have applied a distributed mass balance
model to larger glacierized catchments and present our results on the example of Bernina group in
southeastern Switzerland.
Model description
When calculating mass balance distribution over larger catchments one has to deal with insufficient
meteorological input data. Consequently, we have chosen a simple energy balance model which
requires a relatively small amount of input data. The energy balance model forming the base of our
approach is described in Oerlemans [2001]. On Alpine glaciers a large fraction of the energy avail-
able for melt is contributed by short wave radiation. Thus, we enhanced the simple model by an
accurate calculation of incoming short wave radiation on a DEM. We argue that this modified
model will perform well for mid-latitude glaciers in rough topography.
Figure 6.3: Landsat TM scene of the Bernina group from 12th of September 1999.
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The model runs with daily steps and the cumulative mass balance Bcum on day t+1 is calculated as:
Bcum (t + 1) = Bcum (t) + t (min (0; -E/L) + Psolid)
where t is the discrete time variable, t is the time step (one day or 86400 seconds), L is the latent
heat of fusion of ice (334 kJ/kg), Psolid is the solid precipitation in meter water equivalent [m w.e.].
The energy available for melting E calculates as:
E = d (1 - α) Qe + Co + C1Ta
where d is a reduction factor for the incoming short wave radiation, accounting for the effect of
clouds and haze. The albedo of the surface is α and Qe is the potential short wave radiation. C0 +
C1Ta is the sum of the longwave radiation balance and the turbulent exchange, described as a lin-
ear function of the temperature at corresponding elevation in the free atmosphere Ta [°C]. Accor-
Figure 6.4: Modelled mass balance distribution for Bernina group in 1999. The white lines indi-
cate the observed snowline on 12th of September 1999, as mapped from the Landsat
TM scene shown in Figure 6.3. For glacier abbreviations see Table 6.1.
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ding to Oerlemans [2001], C1 is typically around 10W m-2 K-1 and C0 can be used as a tuning fac-
tor. However, for all calculations we always used a constant value of -25 Wm-2 for C0.
On the base of this one dimensional model a program for the calculation of distributed mass bal-
ance was written. We used GIS-based grid processing, the program operates with two albedo val-
ues, αi for ice and αs for snow (in the calculation presented here ice albedo was set to 0.34, snow
albedo to 0.72). The program decides automatically if there is a snow- or an ice surface. The cal-
culation of the mean daily potential solar radiation is performed by the SRAD code [Moore et al.
1993] on a DEM.
Input data
Here we present a calculation for Bernina group and the balance year 1998/99. Meteorological data
for 1998/99 are obtained from Corvatsch (3332 m a.s.l.) and Hospizio Bernina (2212 m a.s.l.) cli-
mate station. They are both operated by MeteoSwiss and situated in a distance of about five kilo-
meters from the highest peaks of the Bernina group. Data on temperature and precipitation is used
as a direct input for the model, data on global radiation is required to adjust the SRAD-output to the
1998/99 conditions. As measured precipitation in high-mountain areas is related to large errors, the
precipitation values from Corvatsch and Hospizio Bernina are multiplied by a factor of 1.5 to
achieve a regular mass balance distribution.
Modelled mass balance distribution for the balance year 1998/99
The modelled snowline was compared with the snowline as mapped from a Landsat TM scene taken
on the 12th of September 1999 (Figure 6.3). The modelled mass balance distribution for the Berni-
na group (Figure 6.4) is compared to stake measurements on Morteratsch glacier, conducted by Klok
and Oerlemans [2002]. Stake readings on the terminus of the glacier and the modelled values agree
well (both give -5.9 m w.e.). In 1999 the terminus of the glacier became snowfree on the 18th of
Table 6.1: Specific net balance, equilibrium line altitude (ELA) and melt on
the tongue (Bt) as calculated from the modelled pattern of mass
balance distribution in the 1998/99 balance year for six selected
glaciers of the Bernina group.
Name and Abbreviation Area Specific net balance ELA Bt
1999 1998/99
[km2] [m w.e.] [m a.s.l.] [m w.e.]
Morteratsch (mo) 16 - 1.1 3110 - 5.9
Roseg (ro) 7.9 - 0.88 3170 - 5.4
Tschierva (ts) 6.6 - 0.78 3130 - 5.1
Palü (pa) 4.8 - 0.32 3200 - 4.9
Fellaria orientale (fe) 3.8 - 0.86 3250 - 4.8
Scersen superiore (sc) 4.3 - 1.16 3250 - 4.4
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May and a new permanent snow cover started to build up on 5th of November [Klok and Oerle-
mans, 2002]. In the model the bare ice surface showed up on the 20th of May and a new snow cover
started to build up on the 27th of October. The satellite derived snowline matches the modelled
snowline quite well, at least for the glaciers north to the main ridge. On Palü glacier and on the
Italian glaciers the snowline is either over- or underestimated. Overestimations mainly occur in
locations below steep walls, where the accumulation zones probably consist mainly of avalanche
snow. Redistribution of snow by avalanches is not yet included in the model. Underestimation of
the snowline, as observed on the glaciers Palü (pa) or Felaria orientale (fe), can have different rea-
sons: The model does neither take into account the spatial variability of meteorological input para-
meters on either side of the main ridge nor the process of snow redistribution by wind.
Table 6.1 summarizes some model results for six selected glaciers. The modelling gives negative bal-
ances and high altitudes of the equilibrium line (ELA) for all selected glaciers. Based on the com-
parison with measurements on Morteratsch and observed snowlines (Figure 6.3 and 6.4) we assume
that these values are quite realistic for the 1998/99 mass balance year in the Bernina group. How-
ever, on Palü glacier the snowline is underestimated and the mass balance is in reality probably
more negative. In contrast the snowline on Scersen superiore is overestimated and the mass balance
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Figure 6.5: Profiles of mean mass balances for 40 m elevation intervalls, computed from the cal-
culated pattern of mass balance distribution. The two glaciers exposed to the south
(Fellaria Orientale and Scersen Superiore) show higher mass balance gradients.
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might be more positive. In Figure 6.5 mass balance profiles as computed out of the modelled pat-
tern of mass balance distribution are compared. The typical shape of the mass balance curve with
a higher gradient below than above the ELA is visible for all selected glaciers. Between 2500 and
2600 m a.s.l. the melt on Palü glacier is strongly reduced due to shading. Mass balance gradients
are also a function of the duration of the melt season [Kuhn, 1980]. The two glaciers exposed to the
south (Fellaria Orientale and Scersen Superiore) show higher mass balance gradients because due
to a higher availability of solar radiation the melt season starts earlier and ends later than on the
other four glaciers.
Conclusions
The mass balance calculation for the Bernina group with a simple distributed energy balance model
yields promising results. The modelling matches well with the measurements on Morteratsch glacier
and it clearly represents the very negative 1999’s balances for all glaciers of the mountain range.
The correlation between modelled and satellite derived snowlines is high for the north facing gla-
ciers. Nevertheless there are discrepancies for the glaciers south of the main ridge due to local
effects that are not yet included in the model. Spatial distribution of precipitation and cloudiness as
well as redistribution of snow by wind and avalanches play an essential role for glacier mass bal-
ances. Some effort will be necessary to find adequate parametrisations for these processes and to
implement them in future mass balance models.
